Summary. The safety case for radioactive waste repositories is, to a large extend based on the physical and chemical retention of radionuclides on clay minerals which are important constituents in both the man-made engineered barriers and in argillaceous host rock formations. The presence of carbonate, one of the most important inorganic ligands for lanthanide and actinide ions in groundwaters and clay porewaters, can have a significant influence on their sorption behaviour on clay minerals. The sorption of Eu(III) on Na-montmorillonite in the absence and the presence of carbonate was investigated in batch sorption experiments. In the presence of carbonate two sets of experimental conditions were investigated. Eu(III) sorption measurements were performed as a function of pH in equilibrium with atmospheric p CO 2 (= 10 −3.5 bar) and at a variable p CO 2 (= 10 −1.4 to 10 −3.4 bar). The sorption data were modelled using the 2 site protolysis non-electrostatic surface complexation and cation exchange model. Both experimental data sets in the presence of carbon could be quantitatively modelled by including in the sorption model two additional surface complexation reactions on the strong sites forming ≡S S OEuCO 3 0 and ≡S S OEuOHCO 3 − surface complexes.
Introduction
The physical and chemical retention properties of radionuclides are one of the main pillars upon which the safety case for a deep geological repository is build. A major role in radionuclide retardation is played by the sorption on weathered or secondary phase materials of the waste and engineered barriers around it, and natural minerals in sediments along the transport paths to the biosphere. Surface retention is especially effective in clay minerals with their large surface areas and their strong retention capacity. For this reason, clay-rich host rock formations and back-fill materials are being investigated. Identifying and quantifying the radionuclide uptake processes occurring at the clay/solution interface over a representative range of relevant conditions is indispensable for performance assessment [1] [2] [3] .
In the past, attempts have been made to develop models which are capable of describing and predicting the sorption of radionuclides on clay minerals over a wide range of *Author for correspondence (E-mail: maria.marques@psi.ch).
physico-chemical conditions. The hypothesis behind many of these studies is that by understanding and being able to model sorption on a number of different clay minerals, sorption in natural systems containing significant levels of such clay minerals can be predicted because they provide the major sinks for radionuclides. For example, the 2 site protolysis non electrostatic surface complexation and cation exchange (2SPNE SC/CE) model is a quasi-mechanistic thermodynamic sorption model appropriate for deriving/calculating the uptake of a variety of safety relevant radionuclides onto clay minerals [4] [5] [6] . This model has been applied to successfully model the sorption edge and isotherm data of a number of metal ions including Eu and Am on Na-, and Camontmorillonites as a function of pH, element concentration and ionic strength [7, 8] . Eu(III) is often used as a chemical analogue for trivalent actinides Am(III), Pu(III) and Cm(III), which make a significant contribution to the radiotoxicity of the radioactive waste.
In natural systems, the predominant aqueous phase reactions of trivalent actinides and lanthanides are hydrolysis and complexation with dissolved inorganic ligands e.g. carbonates. Dissolved inorganic carbon is ubiquitous in natural systems. The formation of carbonate complexes in solution can potentially lead to a decrease in metal ion sorption. Sorption models neglecting the influence of carbonate may either under-predict or over-predict radionuclide sorption of trivalent radionuclides in natural systems. In the present study, the effect of dissolved carbonate on the sorption behaviour of trivalent lanthanides/actinides onto montmorillonite is quantified, and the 2SPNE SC/CE sorption model is applied to derive surface complexation constants of An(III)/Ln(III)-carbonate/hydroxycarbonate complexes. Because of the very close thermodynamic properties, Eu(III) was used as a representative for trivalent lanthanides and actinides. The main goal is to extend the currently available thermodynamic models for trivalent radionuclide sorption (Eu(III)/Am(III)/Cm(III)/Pu(III)) onto clay minerals by including the influence of carbonate complexation on actinide sorption.
Sorption model
Sorption data obtained in this work were modelled using the 2SPNE SC/CE model. This model describes sorption by a combination of electrostatic binding at cation exchange sites [9] and inner-sphere surface complexation at aluminol and/or silanol group edge sites [10] . The 2SPNE SC/CE model and the modelling procedure have been described in detail on many occasions [4] [5] [6] [7] and only a brief outline is given below.
Cation exchange
The permanent negative charge on clay mineral surfaces, arising from isomorphous substitution, is compensated by an excess of aqueous cations held closely around the outside of the Si-Al-Si units by electrostatic attraction. In principle, the sorption due to cation exchange is independent of pH. Cation exchange reactions of trivalent free cations An 3+ onto homo-ionic clay minerals in the Na or Ca forms can be expressed as:
where Me = Na + or Ca 2+ and z is the corresponding valency. By application of the mass action law, a selectivity coefficient An Me K c can be calculated [11] :
where N An and N Me = the equivalent fractional occupancies, defined as the equivalents of An (or Me) sorbed per unit mass divided by the cation exchange capacity (CEC) in eq kg −1 ; { } = aqueous activities. At trace sorbate concentrations N Me ∼ 1 and it follows that: 
Surface complexation
The pH dependent component of sorption on montmorillonite is described by sorbate uptake on the amphoteric surface hydroxyl groups (≡SOH sites) situated at clay platelet edges. Surface complexation reactions have been characterized in terms of protonation and deprotonation on two type of weak (≡S W1,2 OH) sites, and metal binding to strong sites (≡S S OH) and one weak site (≡S W1 OH) [5] . The ≡S W1 OH and ≡S W2 OH sites have the same capacities but different protolysis constants. The protolysis constants of the ≡S S OH type sites are assumed to be the same as the protolysis constants of ≡S W1 OH sites. Surface complexation reactions occur predominantly on these sites. The ≡S S OH sites have a much smaller capacity but form considerably stronger complexes with metals and dominate the sorption at trace concentrations. Non-adjustable parameters such as site capacities and protolysis constants determined for Na-SWy-1 [5] are summarized in Table 1 . A surface complexation reaction representing for example, the sorption of 
In a non-electrostatic model, the corresponding surface complexation constant, S K x , can be expressed as:
where { } terms are aqueous activities and [ ] terms are concentrations. A major feature of the 2SPNE SC/CE model is that no electrostatic term is required in the mass action equations describing protolysis and surface complexation reactions, to reproduce the experimental data. In previous studies it became apparent in trying to model a whole range of pH titration data, sorption edge and isotherms, that this electrostatic term is of second order importance in the ability of calculations to reproduce the measured data [5, 12] . MINSORB [5] , is a computer code used to model the sorption data. MINSORB is basically the geochemical code MINEQL [13] containing subroutines for calculating cation exchange and surface complexation reactions. In order to model the influence of carbonate on the sorption of Eu on SWy-1, carbonate complexation constants had to be included in the modelling. Metal hydrolysis and carbonate complexation constants were taken from the Am(III) NEA-TDB Chemical Thermodynamic Database [14, 15] and are summarized in Table 2 . 
Experimental 3.1 Materials
Supra-pure grade chemicals and ultra pure deionised water were used to prepare solutions. SWy-1 montmorillonite was taken for the sorption investigations after conversion into the Na-form. The clay mineral preparation procedures have been described in detail elsewhere [16] and only an outline will be given here. A purifying procedure was applied to the "as received" powder to obtain, as far as possible, a single phased suspension of Na-montmorillonite in a 1 : 1 background electrolyte. SWy-1 montmorillonite was washed three times with 1 M NaClO 4 to remove all soluble salts and/or sparingly soluble minerals such as calcite and to convert the clay into the homo-ionic Na-form. Separation of the < 0.5 µm Na-SWy-1 fraction was achieved by successive washing with de-ionised water pre-equilibrated with a small quantity of montmorillonite. After allowing the montmorillonite to peptise for ∼ 15 min and centrifuging for ∼ 7 min at ∼ 600 g (max), the Na-Swy-1 fraction in the supernatant solution (< 0.5 µm) was transferred into a large polyethylene container. A fresh 1 M NaClO 4 solution was then immediately added in order to flocculate the fine clay particles and to prevent hydrolysis. Soluble hydroxyaluminium compounds were removed by an acid treatment (pH 3.5, 1 h) followed by phase separation and neutralisation with 1 M NaClO 4 (pH 7). Batches were prepared in 0.1 M NaClO 4 from the stock suspension for the sorption experiments by the dialysis technique. The clay content in the final suspensions was determined by heating weighed aliquots to constant weight at 105
• C and correcting for the salt content. The cation exchange capacity CEC, determined using the 22 Na isotopic dilution method was 0.870 ± 0.035 eq kg −1 [16, 17] .
Batch sorption experiments of Eu(III) on Na-SWy-1
Carbonate free experiments were performed in a glove box under N 2 -atmosphere (O 2 < 3 ppm). Experiments in the presence of carbonate were carried out under atmospheric conditions. Sorption experiments on conditioned and purified Na-SWy-1 montmorillonite at trace radionuclide concentration (Eu TOT < 2 × 10 −9 M) were carried out at fixed ionic strength (I = 0.1 M) and at a solid to liquid (S/L) ratio ∼ 1 g L −1 in 40 mL polypropylene centrifuge tubes. Experiments were carried out as a function of pH and p CO 2 . Two sets of experiments were performed: (i) Eu(III) sorption as a function of pH in equilibrium with the p CO 2 of the air ( p CO 2 = 10 −3.5 bar), denoted as "fixed p CO 2 " (Table 3a ) and (ii) Eu(III) sorption in 20 mM NaHCO 3 as a function of pH denoted as "variable p CO 2 " (Table 3b ). The latter experiments are not in equilibrium with the air atmosphere and were carried out in a closed system. In both cases, the total carbonate concentration was adjusted as a function of pH using NaHCO 3 /Na 2 CO 3 solutions reproducing the different p CO 2 . The pH values of the carbonate free experiments, and, the experiments at varying p CO 2 (closed systems), were buffered with MOPS, TRIS or CHES buffers at concentrations of 2 × 10 −3 M [8, 18] . After labelling with 152 Eu and shaking end-over-end for 7 d, the suspensions were cen- trifuged at 105 000 g (max) for one hour using a Beckman Coulter Avanti™ J30I High Performance Centrifuge. Carbonate free samples were returned to the glove box for sampling of the supernatant and pH measurements, whereas the samples in the presence of carbonate were measured under atmospheric conditions. All experiments were carried out in triplicate. The total inorganic carbon (TIC) concentrations in the samples were confirmed by TIC measurements using a Dohrmann Carbon Analyser. Kinetic experiments performed for time periods between 2 and 60 d showed that equilibrium conditions were already reached after 2 d. Radiochemical assays of 152 Eu in the supernatants were performed using a Canberra Packard Cobra Quantum Gamma counter together with standard labelled solutions.
The results of the batch sorption experiments are expressed in terms of the logarithm of the distribution ratio, R d , plotted against pH. R d is defined in the customary manner as:
where C init is the initial aqueous concentration of active and inactive metal (mol L −1 ), C eq is the equilibrium aqueous concentration of active and inactive metal (mol L −1 ), V is the volume of liquid phase (L), and m is the mass of solid phase (kg).
Results and discussions
The uptake of Eu(III) at trace concentration as a function of pH on Na-montmorillonite in the absence and the presence of carbonate at a fixed p CO 2 (atmospheric conditions) and variable p CO 2 (closed systems) are shown in Figs. 1 and 2 respectively. In the absence of carbonate the sorption of Eu increases as a function of pH and remains constant above pH ∼ 8 at a high value (log R d = 6 ± 0.2 L kg −1 ). In both of the cases where carbonate is present there is a clear effect on Eu sorption.
In the experiments at a constant p CO 2 = 10 −3.5 bar (Fig. 1,  Table 3a ) no influence of the presence of carbonate is ob- served up to pH ∼ 8. The log R d values are close to those measured in the carbonate-free system (log R d = 5.6 ± 0.2 L kg −1 ). However, at pH values greater than 8, a pronounced decrease in the Eu sorption is observed with increasing pH and carbonate concentration (Table 3a) . The log R d value decreases to ∼ 2.0 ± 0.2 (L kg −1 ) at pH ∼ 10.3. At variable p CO 2 , the effect of dissolved CO 2 on Eu sorption is already evident from pH 7.4 and higher. The carbonate concentrations under these circumstances are generally greater (see Table 3b ). At pH 7.4 the log R d is about 4.5 ± 0.2 L kg −1 , and, decreases to 3.9 ± 0.2 L kg −1 at pH 9.3. It should be noted that consistent results (R d values) are found for the two set of experimental data in the presence of carbonate around pH 9.3 which correlates with similar TIC concentrations (similar p CO 2 ).
The Eu(III) sorption data on Na-SWy-1 in the absence of carbonate were modelled with the 2SPNE SC/CE model using the non-adjustable parameters given in Table 1 and the hydrolysis data from Table 2 . The surface complexation reactions and associated stability constants are given in Table 4 . An Eu-Na exchange reaction with a selectivity coefficient (K c = 29) was included in the modelling. Sorption is considered to take place only on the strong surface sites since experiments were performed at trace concentrations. The result of the model calculations are shown in Figs. 1 and 2 by the continuous lines.
In a first attempt to model the sorption edges of Eu(III) on Na-montmorillonite in the presence of carbonate using the 2SPNE SC/CE model, it was assumed that only the surface complexation reactions given in Table 4 were taking place on the clay surface i.e. Eu(III) carbonate complexes were treated as being non-sorbing. The results of this modelling approach failed to reproduce the experimental results of both data sets (dashed black lines in Figs. 1 and 2) . The modelled effect of the influence of carbonate on the sorption is significantly greater than the effect in the experimental data. Any influence of the precipitation of solid phases such as EuOHCO 3 (cr) (log K 0 sp for AmOHCO 3 (cr) = −22.7 ± 0.4 [15] ) or NaEu(CO 3 ) 2 (log K 0 sp for NaAm(CO 3 ) 2 = −21.0 ± 0.5 [15] ) can be excluded at the Eu(III) concentration used in the experiments (∼ 2 × 10 −9 mol L −1 ). Consequently, other surface sorption reactions must be involved. Fig. 3 presents the aqueous speciation for Eu(III) at a fixed p CO 2 = 10 −3.5 bar in the pH range 5-10 in 0.1 M NaClO 4 as calculated with the thermodynamic data given in Table 2 . At pH values above 7, it can be clearly seen that the Eu-mono/-dicarbonate complexes are dominant. In the modelling of the influence of carbonate on sorption, a stepwise approach was adopted by considering, in sequence, simple chemically reasonable surface complexation reactions involving Eu(III) carbonate complexes. The calculated aqueous speciation for Eu(III) under the investigated experimental conditions was used to guide the choice of the surface complexes. In the first step, the sorption of the Eu-monocarbonate complex (EuCO 3 + ) on montmorillonite was considered in the pH range 7-8.5. In this pH region, EuCO 3 + is the dominant aqueous species (Fig. 3) . Modelling the sorption of Eu(III) with the surface reaction:
only part of the sorption edge could be fitted. In a next step, the sorption of the subsequent aqueous Eu(III) carbonate complexes were integrated in the modeling procedure using the following surface reactions:
Inclusion of the latter surface complexation reactions (Eqs. (2), (3)) allowed the experimental data set at fixed p CO 2 (= 10 −3.5 bar, Table 3a ) to be reproduced. However, the data set at variable p CO 2 (Table 3b) could not be modelled. In order to ensure any credibility to surface complexation modeling, more than one set of experimental data must be reproducible with the same set of surface complexation reactions and constants.
In a second modeling approach the Eu sorption data sets were fitted using the aqueous Eu-monocarbonate complex and the inclusion of an Eu-hydroxycarbonate surface complex i.e.
Including this surface reaction into the model, together with reaction (1), and some "fine tune", allowed both experimental data sets together to be successfully reproduced with the same set of parameters. These surface complexation reac- tions with their corresponding stability constants are summarized in Table 5 .
The results of the modelling of both experimental data sets are shown in Figs. 4a and 4b . The former shows the contribution to the overall sorption of the major individual Eu surface species as a function of pH for constant p CO 2 of 10 −3.5 bar. However, it should be noted that the choice of a surface complex involving the neutral Euhydroxycarbonate species is rather peculiar since it is known that under the present experimental conditions this species plays no role in the aqueous Eu(III) carbonate specia- tion (log β < 11 in 1 molal NaCl) [14, 15, 19] ). On the other hand, more thermodynamic data is available for the EuOHCO 3 solid phase which can exist in the amorphous or crystalline form, and reliable solubility data have been derived for this compound [15] . The modelling procedure given above allows the Eu(III) sorption on Na-montmorillonite to be quantitatively described under a broad range of conditions (pH, p CO 2 ). However no information can be given about the physicochemical nature of the surface binding: chemical (innersphere complex) or electrostatic binding (outer-sphere complex). Some structural data on the sorption of trivalent actinides and lanthanides for carbonate free systems have been obtained by means of spectroscopic techniques. The sorption of Eu(III) and Cm(III) on montmorillonite, illite and kaolinite has been investigated by time resolved laser fluorescence spectroscopy (TRLFS) as a function of pH in the absence of CO 2 [20, 21] . The structure of Am(III) sorbed on smectite and kaolinite at varying pH was analyzed using combined TRLFS and X-ray absorption spectroscopy (XAS). However, the XAS data alone could not unambiguously prove the inner-sphere character of the sorption of Am(III) on these clay minerals, since only the first Am−O shell could be obtained from the data [21] . For lanthanide/actinide carbonate-clay mineral systems, no reliable thermodynamic and structural data are available. A TRLFS study by Stumpf (2002) [22] underlined the possibility that ternary carbonato surface complexes are formed for Eu(III) on smectite and kaolinite under air equilibrated conditions. The evidence is based on the differences observed in the fluorescence spectra and fluorescence emission lifetimes of sorbed Eu(III) in the presence and absence of carbonate. The influence of anions, and in particular carbonate ( p CO 2 = 10 −3.5 bar) on the sorption of Am(III) on smectite has been investigated by Nolin (1997) [23] . Only one p CO 2 partial pressure was investigated. In this study the influence of carbonate on the sorption behaviour of Am(III) was modelled by assuming that the Am/carbonate complexes do not sorb on the clay surface. However, the data could only be fitted by assuming that the equilibrium of the Am(III) clay suspension with the atmosphere was not completely achieved and that p CO 2 was about 10 −3.9 bar.
Conclusion
The aim of this work was to characterize and quantify the influence of carbonate on the sorption of Eu(III) on Namontmorillonite. The sorption behaviour of Eu(III) under different p CO 2 conditions on Na-SWy-1 could be successfully quantitatively described with the 2SPNE SC/CE model. Two additional surface complexation reactions involving Eu-carbonate and Eu-hydroxycarbonate complexes were required to model the data in the presence of dissolved CO 2 . In order to increase the credibility to the current "quasi-mechanistic" sorption model, further investigations are necessary. The application of surface analysis techniques such as XAS and TRLFS are planned and might allow the structure of the postulated surface Eu(III)-(hydroxy)carbonate species to be identified.
